Abstract Sexual dimorphism is common in dioecious plant species and is usually attributed to different cost of reproduction associated with male and female functions. Differences in growth and performance between male and female plants may be accentuated under stress, potentially leading to sex-ratio biases and affecting population growth. Environmental stress involves multiple factors that often occur simultaneously. Among different stress combinations that occur in field conditions, competition and herbivory and their interaction are key biotic factors that can affect plant growth and performance. Here, we conducted a glasshouse experiment in Cardiff, UK, using the cultivated spinach, Spinacia oleracea, as a model system to study sexual dimorphism in intra-and interspecific competitive ability and in response to herbivory by a generalist herbivore Helix aspersa. We found stronger inter-than intra-specific competition: growth (above-ground biomass) and chlorophyll content of male and female plants was reduced when growing with Brassica oleracea, but not when growing with conspecifics. In the absence of herbivory, females growing with same-sex neighbour had greater root biomass than males; whilst herbivory reduced root biomass significantly only in females competing with same sex neighbours. Plant damage caused by herbivores was similar when growing with male or female conspecifics but greater when growing with B. oleracea. Finally, plant damage caused by herbivores did not differ between male and female plants; however, males increased their allocation to roots and reduced their chlorophyll content after damage. Our results showed that sexual dimorphism occurs in S. oleracea, despite being a worldwide crop, selectively bred for its edible leaves. In particular, our results suggest stronger same-sex competition for females and greater tolerance to herbivory in males than in females of S. oleracea..
Introduction
In many dioecious plant species, male and female plants are different not only in their sexual organs but Communicated by Lauchlan Fraser. also in their morphological, physiological and life history traits. Such sexual dimorphism is typically related to differences in reproductive costs associated with male and female functions (Dawson and Geber 1999; Obeso 2002; Barrett and Hough 2013) . Females produce flowers and fruits, and therefore, they usually invest more carbon in reproduction than males. However, in some species, particularly in windpollinated herbs, allocation of certain resources (e.g., nitrogen) to flowers alone may be considerably higher for males (Harris and Pannell 2008) . The greater investment of limiting resources to reproduction by one of the sexes may come at the expense of reduced investment of those resources to other functions, such as growth and defence (Obeso 2002) . Sex-related differences may be affected by the environmental context (Retuerto et al. 2018) , and when experiencing stressful conditions, we may expect the sex with higher investment in reproduction to have reduced performance (Juvany and Munné-Bosch 2015) . Particularly, females have been found to perform worse under certain abiotic stress conditions, such as drought or nutrient deficiencies (Leigh and Nicotra 2003; Dawson et al. 2004; Li et al. 2004; Rozas et al. 2009; Zhang et al. 2010; Chen et al. 2010; Zhang et al. 2014 ). This differential response to the environment may lead to strong sex-ratio biases, threatening populations to decline or become extinct (Petry et al. 2016) .
Competition and herbivory are two important biotic factors that can affect growth, reproduction and survival of plants, and ultimately, even the abundance of populations and community composition (Crawley 1989; Belsky 1992; Maron and Crone 2006) . Despite these two factors being often studied separately, interactions between them are likely to occur. For example, competition can influence the level of herbivory of a focal plant (Moreira et al. 2017) , and in turn herbivory can influence plant-plant competition (Borgström et al. 2016) . In dioecious plants, the responses to herbivory have been examined in some detail, and males appear more sensitive to damage than females (Cornelissen and Stiling 2005) although further studies are required (Avila-Sakar and Romanow 2012) . Lower damage in females may be related to different trade-offs between growth, reproduction and defence resulting in a greater investment in defensive traits (Agren et al. 1999; Cornelissen and Stiling 2005) . In addition, following the optimal defence theory, female reproductive structures should be better defended as they are more valuable for plant fitness (McCall and Fordyce 2010) . Differences in the response to competition between males and females may also be expected as a result of the different allocation trade-offs associated with reproduction (e.g., Sánchez-Vilas et al. 2011; . If male and female plants demand different resources for reproduction, competition between males and females should be reduced (in comparison with same-sex competition) as a result of niche partitioning (Onyekwelu and Harper 1979) . However, data available on competitive abilities of male and female plants are scarce, making it difficult to draw any clear pattern (Mercer and Eppley 2010; Sánchez-Vilas et al. 2011; Varga and Kytöviita 2012; Chen et al. 2014 Chen et al. , 2015 . Moreover, much less is known about the joint effects of competition and herbivory on the sexes of dioecious plants.
Here, we investigate the competitive ability of male and female plants of the dioecious herb Spinacia oleracea, the cultivated spinach, when growing with another plant of same sex, opposite sex and another species (Brassica oleracea). We also investigate how competition and neighbour identity influence the herbivory damage to male and female plants of S. oleracea. S. oleracea is a crop that is grown for its edible leaves, and recent genome and transcriptome analysis have identified domestication signatures for traits such as bolting, flowering, leaf number and stem length . Therefore, it is plausible that differences between sexes in some of the traits we measured (e.g., above-ground biomass, height) may have been selected against during domestication. Accordingly, we might expect to find little or no sexual dimorphism in those traits for S. oleracea.
Materials and methods

Study species
Spinacia oleracea L. (Chenopodiaceae) is a windpollinated annual or biannual herb originated in the SW of Asia, being now an important crop grown worldwide and rarely found in the wild. Spinach is easy to grow, and it is considered an example of a recently evolved dioecious species (Onodera et al. 2011 ) and a potential model system for studies of mechanisms of sex expression and environmental influences on gender in dioecious species (Al-Khayri et al. 1991; Sherry et al. 1993; Onodera et al. 2011; Yamamoto et al. 2014) . Spinach is also one of the first species where dimorphism between sexual morphs was investigated (Onyekwelu and Harper 1979) . Spinach is widely known as dioecious (as referred here); however, cosexual (monoecious) plants can occur in some populations and the sexual system is sometimes termed as trioecious (Vitale and Freeman 1986; Vitale et al. 1987 ). In our study, frequency of cosexual plants (not included in the study) was very small (\ 1%) and for simplicity we refer to the species as dioecious.
Brassica oleracea L. (Brassicaceae) is one of the most agriculturally important Brassica species. This species is extremely polymorphic and has given rise to many different varieties of unique morphologies and individual crops including broccoli, cabbage, cauliflower, kale, kohlrabi and brussels sprouts (Björkman et al. 2011) . Here, in our study, we use wild B. oleracea, a perennial commonly found along limestone and chalk cliffs of the British coast (Mitchell and Richards 1979) . This species was chosen as the competitor because the time of seedling emergence was similar to that of S. oleracea.
Experimental design
Seeds from Spinacia oleracea L. cv. America were purchased from Thompson and Morgan (Ipswich, England, UK). Seeds from Brassica oleracea L. were collected from wild plants from limestone cliffs on the south coast of Devon, England. Seeds of S. oleracea and B. oleracea were sown into germination trays filled with a mix of Verve TM Multipurpose compost and Brett TM Horticultural Sand (1:2). One week after germination, seedlings were transplanted into 9 cm round pots filled with the same mix of compost and sand as above and kept in a glasshouse under long day conditions (19 h light, 5 h dark). The final experimental design consisted of pots of either one male or one female of S. oleracea (the 'sex' of the focal plant), and the following 'competition' treatments: male S. oleracea, female S. oleracea and B. oleracea. The sex of the plants was, however, unknown at the time of transplanting to allow plants experiencing the effects of competition well before reproduction started. To ensure enough replication, pots with two plants were established in large numbers (a total of 260 pots) and randomly allocated to 12 blocks. Five weeks after germination, all pots with spinach plants in flower were enclosed in perforated bags to exclude (or retain) herbivores and approximately half of the pots were allocated to an 'herbivory' treatment, and the remainder served as controls (see Fig. 1 for schematic diagram with final number of replicates for each 'sex', 'competition' and 'herbivory' treatment). The 'herbivory' treatment involved placing one adult brown garden snail, Helix aspersa (Helicidae), onto the soil at equal distance from plants and left to graze for 10 days. The snails were collected from gardens in Cardiff (Wales, UK)-near the glasshouse facilities of Cardiff University where the experiment took placeand starved for 5 days prior to the experiment. H. aspersa is a generalist herbivore that is commonly found on S. oleracea (Miller and Doust 1987) .
Leaf damage, growth and biomass allocation
The total number of leaves of each plant was counted before the herbivory treatment. After 10 days of snail grazing, we counted the number of damaged and undamaged leaves. For all damaged leaves, we estimated the proportion of leaf area damaged by herbivory using graph paper and counting missing and total 1 mm 2 squares. Leaf damage occurred as holes in most cases, but when leaf margin was missing, damage was estimated by reconstructing the outline of the leaf. We encountered low levels of damage for the vast majority of leaves, hence our method provided rapid but accurate estimations. We then calculated the percentage of plant damage (total proportion of leaf area damaged/total number of leaves 9 100).
At the end of the experiment, plants were harvested and separated into reproductive organs, roots (belowground biomass, hereafter), and shoots and leaves (above-ground biomass, hereafter). Roots were removed from the soil by washing through a 2 mm 2 sieve from which roots were retrieved. In pots with two spinach plants, roots were collected by washing and carefully separating the root systems of both individuals. However, the pattern of growth of B. oleracea roots-that were larger than S. oleracea and intertwining with those of S. oleracea-did not allow accurate separation of individual roots, and on these pots, roots were measured at pot level. Plant tissues were oven dried at 70°C to constant weight and their dry mass recorded. Reproductive effort (RE) was calculated by dividing the dry mass allocated to reproduction by vegetative dry mass (roots plus stems and leaves).
Chlorophyll content
After 7 weeks of growth under the competition treatments, and prior to the start of the 'herbivory' treatment, we measured the chlorophyll content in two young and fully developed leaves per plant (leaves of similar age-growing at the same internode were chosen). The chlorophyll content was also measured 10 days later, at the end of the herbivory treatment, after the snails were removed from the experimental pots. The chlorophyll content was measured using a hand-held chlorophyll meter (SPAD-502, Konica Minolta Inc., Japan), which calculates an index based on absorbance at 650 and 940 nm. SPAD values are well correlated with the chlorophyll content of leaves (Gamon and Surfus 1999; Richardson et al. 2002) .
Data analysis
Analyses of growth and biomass allocation (aboveand below-ground biomass, total biomass, reproductive effort (RE) and root: shoot ratio) and chlorophyll content were carried out using linear mixed-effects models using the R 'lme' function from the 'nlme' package (Pinheiro et al. 2010) . B. oleracea was excluded from the analysis of below-ground biomass and root:shoot ratio because it was difficult to separate roots of competing S. oleracea and B. oleracea. Analyses of leaf damage were also carried out using linear mixed-effects models. In pots with two spinach plants, a focal spinach plant (either male or female) was randomly chosen and analyses were run on the above traits for the focal plant. 'Sex', 'competition' and 'herbivory' and their second-and third-order interactions were fitted as fixed factors and block was fitted as random 'blocking' effect to account for potential position effects within the glasshouse. P values were determined by comparing models with and Fig. 1 Schematic representation of the experimental design, consisting of pots of either one male or one female of S. oleracea (the 'sex' of the focal plant, in black symbols), and the following 'competition' treatments: female S. oleracea, male S. oleracea, B. oleracea (upper, middle and low panels, respectively; neighbours are represented by grey symbols). Five weeks after germination all pots with spinach plants in flower were enclosed in perforated bags to exclude (or retain) herbivores and approximately half of the pots were allocated to the 'herbivory' treatment, and the remainder served as controls ('no herbivory'). The 'herbivory' treatment involved placing one adult brown garden snail, Helix aspersa (Helicidae) onto the soil at equal distance of plants and left to graze for 10 days. The numbers near the pots indicate the final number of replicates for each 'sex', 'competition' and 'herbivory' treatment without the factor being tested (Crawley 2007) . Model comparison was performed by means of likelihood ratio tests by calling the function 'anova' to compare models that, for fixed effects, were fitted using maximum likelihood (Pinheiro and Bates 2000; Crawley 2007 ). When significant differences, post hoc tests were performed to examine the mean differences among groups using Tukey's HSD tests by means of the 'lsmeans' function in R. Aboveground biomass, total biomass and root:shoot ratio were log -10 transformed and RE and percentage of plant damage were square-root transformed to meet the assumptions of the analysis of variance. All analyses were performed using the computing environment R (R Development Core Team 2014).
Results
Growth and biomass allocation
Males were taller than females (Sex, Table 1, Fig. 2a ), but females had greater above-ground and total biomass than males regardless of competition treatment (Sex, Table 1, and Fig. 2b, c, respectively) . Overall, the height and total biomass of the plants (both males and females) were not affected by the identity of the neighbour they were growing with (Competition , Table 1 , Fig. 2a, c) . The identity of the neighbour had, however, an effect on the aboveground biomass, and particularly, spinach plants (both males and females) growing with B. oleracea had less above-ground biomass than those growing with a female or a male neighbour (Competition, Table 1 , Fig. 2b ). Herbivory treatment and any of the interactions had no effect on height, above-ground and total biomass ( Table 1) .
The patterns of below-ground biomass were affected by the interaction of sex, competition and herbivory treatments (see Table 1 : Sex 9 Competition 9 Herbivory). In the absence of herbivory, females growing with female neighbours had greater total below-ground biomass than males (Fig. 3a) . In addition, herbivory reduced the below-ground biomass of females but in males the trend was the reverse-i.e., males tended to increase their belowground biomass in response to herbivory, although post hoc differences were not statistically significant- (Fig. 3a) . In terms of proportional allocation to roots, no differences between the sexes were found in the absence of herbivory, however, males (regardless of the competition treatment) had significantly greater root: shoot ratio than females when exposed to snail grazing (Sex 9 H, Table 1, Fig. 3b ).
No differences were found in RE between the sexes or as a result of competition and herbivory, or any of the interactions (Table 1) . : likelihood ratio Chi square statistic). The degrees of freedom (df) are equal to the difference in degrees of freedom of the two models being compared. See text for more details. Significant effects (P \ 0.05) are indicated in bold. Main effects included in a significant interaction were not tested (-) Chlorophyll content Females had greater chlorophyll content than males before the herbivory treatment regardless of competition (Sex, Table 2 , Fig. 4a, b) . The analysis of chlorophyll content pre-herbivory also showed that there were no a priori differences between plants allocated to no herbivory or herbivory treatments (Table 2 ; Fig. 4a) . However, at harvest, chlorophyll content of males and females was affected differently by snail herbivory (significant interaction sex 9 herbivory, Table 2 ); in particular, no differences in chlorophyll content between males and females were found in the absence of herbivores, but when exposed to snail herbivory, males had a lower chlorophyll content than females (Fig. 4c) . In addition, the identity of the neighbour also affected the chlorophyll content (Competition, Table 1), and focal plants (both males Fig. 2 Height (a), above-ground (b) and total (c) biomass of male and female plants of S. oleracea growing alone, with a conspecific male or female, and with an individual of B. oleracea. In (c) total biomass of individuals competing with B. oleracea is not given, due to the lack of measurements of root biomass (see text for more details). Bars and error bars represent means (female: N female = 21, N male = 11, male: N female = 12, N male = 26; B. oleracea: N female = 24, N male = 24) and S.E., respectively. Significant differences among the different competition treatments (Female, Male, B. oleracea) are indicated by different letters above the bars (P \ 0.05) and ns means not significant (P [ 0.05) based on Tukey HSD and females) had the lowest chlorophyll content when growing with a B. oleracea plant (Fig. 4d) .
Plant damage
Males and females had similar levels of herbivory (Sex , Table 2 ). However, the identity of the neighbour had a significant effect on plant damage (Competition, Table 2 ). In particular, no significant differences in the level of damage were found between plants of spinach (both male and female plants) growing with conspecifics (either same or opposite sex) (Fig. 5) . However, the percentage of damage was significantly greater when plants had a B. oleracea neighbour (Fig. 5) .
Discussion
Overall, male plants were taller than female plants, whilst females had greater biomass. Such differences remained regardless competition and herbivory treatments, i.e., males grew taller than females and females had more biomass when growing with conspecifics (either another male or female) and with individuals of another species. The greater height in males of S. oleracea may be expected as a result of selection to maximize pollen dispersal in a wind-pollinated species (Friedman and Barrett 2009) ; pollen can travel longer distances if released at greater heights (Burd and Allen 1988 )-and such sexual dimorphism in height has also been reported in other dioecious windpollinated species [e.g., Rumex hastatulus (Pickup and Barrett 2012) ]. The higher above-ground biomass in females of S. oleracea than in males may be explained by different resource partitioning to vegetative and reproductive organs Sklensky and Davies 2011) . In S. oleracea, males allocate much more carbon to pollen-producing flowers-with a higher rate of respiration-than females to pistillate flowers; diverting this resource away from the development of new vegetative biomass, particularly at the very early stages of reproduction (Sklensky and Davies 2011) . Females, however, invest more in 'source' tissue (i.e., more allocation to stems and leaves)-as seen here-that will help sustaining a longer reproductive period, fixating carbon to contribute to the development of embryos and fruits Freeman 1985, 1986; Delph and Meagher 1995; Sklensky and Davies 2011) . Here, in our experiment, male and females had similar reproductive effort. This is probably the result of harvesting the plants when seeds were starting to develop (Sánchez Vilas and Pannell 2011).
Interestingly, we found that the below-ground biomass followed a different pattern to above-ground and total biomass, being much more influenced by the experimental treatments and their interaction. In the absence of herbivory, females-particularly those Table 2 Results of the linear mixed effects model (lme) for the effect competition (male S. oleracea, female S. oleracea, B. oleracea), and herbivory (no herbivory, herbivory) on the chlorophyll content of leaves pre-and post-herbivory treatment of males and females S. oleracea; and the effect of competition on the level of herbivory (Plant damage, %) of male and female plants : likelihood ratio Chi square statistic). The degrees of freedom (df) are equal to the difference in degrees of freedom of the two models being compared See text for more details. Significant effects (P \ 0.05) are indicated in bold. Main effects included in a significant interaction were not tested (-) . N/A (terms not applicable to the model tested) growing with same sex neighbour-had greater root biomass than males. As explained above for aboveground biomass, the greater total allocation to roots in females may also be the result of differences in the partitioning of resources to vegetative and reproductive tissues (Sklensky and Davies 2011) . As females of S. oleracea have greater above-ground biomass than males (and also greater chlorophyll content), greater roots allow maximizing resource uptake below ground to sustain their growth (Sánchez Vilas and Pannell 2011). In general, plants have been found to proliferate more roots when experiencing intense competition for nutrients (Craine 2006) . Our study does not include a control for competition (i.e., plants without neighbours), however, the greater root biomass seen for females growing with same-sex neighbour may respond to their greater competition for below-ground nutrients. In dioecious species, if male and female plants differ in resource acquisition, competition between the sexes would be reduced; however, same-sex competition would potentially increase-as seen here for females- (Onyekwelu and Harper 1979) . Moreover, if sexes have different uptake of resources from the soil, this may eventually lead to differences in resource availability (Sánchez Vilas and Pannell 2010) , which in turn is known to alter the outcome of competition between the sexes. For example, in Populus cathayana high-nitrogen conditions intensified competition between the sexes, whilst low-nitrogen conditions intensified same-sex competition in female (Chen et al. 2015) . This result will therefore suggest sexual dimorphism in response to competition, as found in previous studies Hesse and Pannell 2011; Varga and Kytöviita 2012; Chen et al. 2014 ). Patterns of belowground biomass in males and females were also affected by herbivory. In particular, we found that herbivory reduced root biomass in females; the greatest reduction seen when females were growing with same-sex neighbour. Patterns of response to herbivory are complex, involving whole-plant responses such as changes in reallocation of resources (Gómez et al. 2010; Orians et al. 2011) . Although many plants increase their allocation to storage tissues (e.g., roots) in response to herbivory, investment in new growth may be favoured under certain conditions (Orians et al. 2011) . It is plausible that females under intense competition below-ground and with rapid growth above-ground may invest more in current growth to sustain reproduction rather than storage to roots. Alternatively, the stronger response of females to same sex competition may also suggest the existence of sex recognition. Recently, root-mediated sex recognition has been suggested in the dioecious tree Populus cathayana, with different responses in root growth and allocation depending on the sex of the neighbours (Dong et al. 2017) . It could be argued that a similar mechanism may be responsible for the observed response in our study, but further empirical evidence would be required to support this hypothesis.
The percentage of plant damage due to snail grazing was different on the focal plant depending on whether they were growing with conspecifics or B. oleracea individuals (greater damage when growing with B. oleracea). Our experiment involved an element of choice, as both focal and neighbouring plants were enclosed with a single snail. Therefore, differences in preferential feeding due, for example, to differences in plant quality and/or defences may have contributed to this result. Competition with B. oleracea reduced the above-ground biomass and also the chlorophyll content of both male and female plants of S. oleracea, which suggests this species has a greater competitive ability than S. oleracea (Tilman 1982) . If B. oleracea outcompetes S. oleracea for resources, this could reduce the investment of S. oleracea in antiherbivore defences and in turn make it more susceptible to herbivore damage (Kim and Underwood 2015) . In addition, although male and female plants experienced the same levels of herbivory damage above ground, herbivory influenced the chlorophyll content and the patterns of allocation to below-ground biomass in males and females. At the time of the harvest, no differences in chlorophyll content were found between males and females in the absence of herbivory, but the chlorophyll content of males was lower than that of females in response to snail grazing. Chlorophyll content is usually closely linked to nitrogen status (Bojović and Marković 2009; Brunetto et al. 2012; Gholizadeh et al. 2017) , and at the time of the harvest, males were flowering, which in windpollinated herbs involves producing high amounts of N-rich pollen (Ishida et al. 2005; Kerkhoff et al. 2006) . Therefore, it may be possible that the observed results are the consequence of trade-offs between allocation to growth, reproduction and defence: males investing more N in reproduction than females and having to invest in defences may compromise allocation to growth as indicated by their lower chlorophyll content (Harris and Pannell 2008) . The lower chlorophyll content in leaves of males under herbivory could also be the result of reallocation of resources (N in this Fig. 5 Percentage of plant damage in plants of S. oleracea after exposure to snails' herbivory when growing with a conspecific female (N = 15) or male (N = 19), and with an individual of B. oleracea (N = 25). Bars and error bars represent means and SE, respectively. Different letters above the bars indicate significant differences (P \ 0.05) among the different groups and ns indicates not significant differences (P [ 0.05) based on Tukey HSD case) from leaves to roots in response to damage, which then could contribute to compensatory growth (Gómez et al. 2010; Orians et al. 2011; Korpita et al. 2014; Kornelsen and Avila-Sakar 2015) . Although no differences in damage were found between the sexes, the lower N content in leaves might eventually reduce the level of damage in males, as herbivores prefer tissues with greater N content (Mattson 1980) . Herbivory damage above ground, as indicated above, reduced root biomass in females but not in males; as a result, the root: shoot ratio of males was greater than that of females in response to snail grazing. Greater proportional root allocation, i.e., higher root: shoot ratios, has been previously associated with responses to above-ground herbivory, and has been suggested as a mechanism that allows plants to be more competitive, which eventually may allow plants to compensate for tissue losses due to herbivory (Schmidt 2007) . Our results, therefore, would indicate a greater tolerance to herbivory by males than females in S. oleracea.
In conclusion, we found sexual dimorphism in growth in S. oleracea consistent with patterns found in other wind-pollinated dioecious species. Our results indicate stronger inter-than intra-specific competition in spinach; and our data on below-ground biomass suggest different response to competition in males and females, with stronger same-sex competition in females. Percentage of plant damage was similar in both sexes; however, our results indicate sexual dimorphism in response to herbivory in terms of chlorophyll content and below-ground biomass. Males appear to have a greater tolerance to herbivory, as suggested by the greater proportional allocation to roots after damage in this sex. Overall, our findings highlight the complexity of multiple interactions in sex-specific responses and also the different strategies of the sexes during plant growth under competition and herbivory.
